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Abstract 

We analyse the properties of the kaonic nuclear cluster (KNC) KNN with the structure N (8) 
{KN)j=o, having the quantum numbers I{J'^) = ^(0~), and treated as a quasi-bound hadronic 
molecule state. We describe the properties of the hadronic molecule, or the KNC N ® {KN)[=q, 
in terms of vibrational degrees of freedom with oscillator wave functions and chiral dynamics. 
These wave functions, having the meaning of trial wave functions of variational calculations, are 
parameterised by the frequency of oscillations of the {KN)j=q pair, which is fixed in terms of 
the binding energy of the strange baryon resonance A(1405), treated as a quasi-bound {KN)j=q 
state. The binding energies Bx and widths Tx of the states X = {KN)i=q and X = KNN, 
respectively, are calculated in the heavy-baryon approximation by using chiral Lagrangians with 
meson-baryon derivative couplings invariant under chiral SU (3) x SU (3) symmetry at the tree- 
level approximation. The results are Bj^^f^ = 40.2 MeV and knn — '^^Rnn ~^ '^^Rnn ~ ^ 
106) MeV and, where rgj^^y ~ 21 MeV and T Jj^^ ~ (64 - 86) MeV are the widths of non-pionic 
KNN NK^,NTs and pionic KNN N^tt decay modes, calculated for S^jv = 29 MeV and 

= (30 - 40) MeV, respectively. 
PACS: ll.lO.Ef, 13.75.Jz, 24.10.Jv, 25.80.Nv 
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I. INTRODUCTION 



The kaonic nuclear cluster (KNC) KNN (or K pp) with quantum numbers I{J^) = 
^(0~) and the structure N ® (KN)T=n, which we denote as has been predicted by 

n n n n 

Akaishi and Yamazaki [1[-[6| within a non-relativistic potential model approach P|-|^ with 
the binding energy -B2 h = 48MeV and the width Fj^^ = 61 MeV, taking into account the 
pionic — )■ pTjir decay modes only [ll-j6|. According to Akaishi and Yamazaki [l|-j6|, the 
formation of the quasi-bound ® {KN)j=o state occurs in the entrance channel through 
the isospin-singlet state {KN)i=q, identified with the A(1405) hyperon, with the subsequent 
addition of one more proton. In such a scenario the KNC |,H acquires exactly the structure 
A^ ^{KN)i=o. 

The theoretical analysis of the properties of the KNC |.H is focused on the calculation of 



the binding energy -B2 h and the partial widths Fj^^ and Tf' of all hadronic decay modes, 
which are the important two-body non-pionic j^H — )■ NA^, NT, decay modes and the three- 
body pion,c |H NE. decay .nodes, respectively In the potenfa. model approach by 
Akaishi and Yamazaki P|-[6| as well as in other theoretical approaches for the description of 
the KNC [3]-[l3| such as relativistic mean field (RMF) models 7, 8|, coupled-channel 
approach with chiral dynamics and variational analyses |9|, llO|, coupled-channel Faddeev 
equations and variational analyses [l3| the widths ^i^^ of pionic modes ^^H — )■ NTir 

have been calculated only. Some estimates of the non-pionic decay modes of the KNC 
|-H, carried out in the potential model approach and coupled-channel approach with chiral 
dynamics, predict the widths of order of Fj^^ ~ 10 MeV. Recent calculation of the transitions 
A*N -> A^A° and A*A^ A^S, where the A(1405) resonance is denoted as A* fl-Q], which 



has been carried out in 



14| at threshold of the unbound A*A^ system, showed a total width 



of non-pionic decay modes of the unbound A*A^ system equal to F^^^ 



22 MeV. 



Since the decay mode — pA*^ is used for the experimental observation of the KNC 
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161 ] ■ an alternative approach allowing a calculation of the widths of all non-pionic 



and pionic decay modes for quasi-bound |.H state is needed. 

The first announcement about the existence of the KNC |.H with the binding energy 
i?2 H = 115(7) MeV and the total width F2 jj = 67(14) MeV has been reported by the 

K I I K 

FINUDA Collaboration 15|. These data have been obtained from the stopped /^"-meson 
reactions on ^Li, ^Li and ^^C by measuring the invariant-mass spectrum of back-to-back 



2 



emitted phP pairs. However, the interpretation of these results as a KNC has been 



questioned and other explanations of the observed spectrum have been put forward 
Recent experimental data 



17| 



IgI on the analysis of the exclusive i^"'"-meson missing mass 
and phP invariant mass spectra of the final state in the pp — )■ hPp reaction at the incident 
proton kinetic energy Tp = 2.85 GeV showed the quasi-bound state with the binding 
energy -B2 h = 103(6) MeV and the width r2 jj = 118(13) MeV. The important distinction 
of such a quasi-bound state is its two-body decays into the pA^ channel, enhanced at 
high momentum transfer and predicted by the relevant reaction theory , showing a 

creation of a compact object. Thus, for the analysis of such a quasi-bound state one cannot 
use the coupled-channel Faddeev equation approach [ill, 13] , which is unable to describe the 



two-body decay channels. In turn, a description o: 



Collaboration within other theoretical approaches [ij-flOl, ll3| seems to be also questionable. 

The KNC with the structure ® {KN)j=q we propose to treat as a kaonic molecule 
[2I. In the center of mass frame molecular states are defined by rotational and vibrational 



the experimental data by the DISTO 



degrees of freedom [181]. Since the angular momentum of the KNC as well as of the 
KNC ]^H, the quasi-bound {KN)j=o state, are equal to zero, the properties of these states 
are defined by the vibrational degrees of freedom only, which we describe by trial harmonic 
oscillator wave functions. Such a choice can be also justified by a short-range character of 
forces producing quasi-bound KNCs. We recall that the harmonic oscillator wave functions 
are used also in the shell-model of nuclei [3] for the description of strongly bound nuclear 
systems. In addition, trial Gaussian wave functions in the coordinate representation have 
been used in [l^ for the variational calculation of the parameters of the KNC |.H with a 
potential, induced by chiral dynamics with SU (3) coupled-channels technique. 

The calculation of the parameters of the quasi-bound states with n = 1,2,... we 
propose to carry out by using a T-matrix, defined by chiral Lagrangians with derivative 



meson-baryon couplings invariant under chiral SU{3) x SU{3) symmetry 20|-|22|, which are 
used for the analysis of low-energy strong interactions. 

According to quantum field theoretic description of decays of particles and nuclear states 
23| . the width of the decay modes — )■ X of the nuclear state is defined by the decay 



amplitudes M(^H — X) as 

r.n = ^—y{27T)'6^'\kx-kr.^)\M{lR^X)\'= lim y l(-^l^l|H(0 ))P 
n 2MnH^ ^ ^ y,T->oo^ 2M2^VT ^ ' 

K X X K 



where we have used a relation (X|T|2^H(0) = {2n)H'^^\kx - A;|h)M(JH ^ X). Then, 
assumes a summation over all allowed decay channels — )■ X and an integration 
over phase volumes of the final X-states, |^H(0)) is the wave function of the KNC 
in the momentum and particle number representation, the T-matrix is defined by the chi- 
ral Lagrangians with derivative meson-baryon couplings invariant under non-linear chiral 



SU{3) X SU{3) transformations |20|,l2l|; VT = {27r)^6^'^\0) is a space-time volume |23|. 

Taking into account the unitarity condition for the T-matrix T — = iTT"^ we can 
generalise Eq. fll.ip as follows 

fl.„+,:£iii= M^imil^. (,.2) 

K 

where -B^ h is related to the energy shift of the quantum state in the center of mass 
frame as Bj yi = — h- We identify it with the binding energy of the quantum state ^H. In 
such a definition the binding energy -B^h and the width Fn jj of the KNC are determined 
by the same low-energy strong interactions. This agrees with the definition of the binding 
energy and the width of strongly coupled particles and nuclear systems within the optical 



potential approach 



24|. 



The width r2 ^ of the KNC is the sum of non-pionic decay modes — )■ NY, where 
NY = NA°, A^E° and iVS+, and pionic decay modes |H NYir, where NYtt = NEn and 
A^A^TT. It is given by 

r^H = + rw = ^ r(|H ~^ny) + J2 r(|H ^ nytt). (1.3) 

^ Afy NYtt 

In turn, the width ri_H of the KNC is defined by the — )■ Svr decay modes only as 

r^H = r(]^H^Svr). 

The paper is organised as follows. In Section 2 we construct the wave functions of the 
quasi-bound {KN)i=o and ® {KN)i=o states. Since angular momenta of these states 
are zero, we describe them in terms of vibrational degrees of freedom by the oscillator wave 



functions 18|, ll9| (see also 10|). We identify the quasi-bound {KN)j=q state with the 
strange baryon A(1405), denoted below as A*. We give the analytical expressions for the 
binding energy and the width of the quasi-bound {KN)j=q state in terms of the frequency 
f^A* of a motion of the K meson relative to the nucleon A^ and the analytical expression for 
the binding energy of the quasi-bound N0{KN)j=q state in terms of the frequencies Q\* and 
flA*N, the later defining the motion of the {KN)i=o system relative to the nucleon A^. Thus, 



the model contains three input parameters. They are the frequencies Qa* and Q\* n and the 
couphng constant qa*, which is used to fit the partial width of the A* state to the values 
Fa* = (30 — 40) MeV The number of the input parameters can be reduced to I^a* and 
(7a* , which can be obtained from the fit of the binding energy and width of the KNC j^H only. 
For this aim we assume that the stiffnesses of harmonic oscillator potentials, keeping the 
pairs {KN)i=o and N(^{KN)j=o bound, are equal. In this case the frequencies Qa* and Qa'N 
become related by fiA*^A* = fJ'A*N^A*N^ where //a* = mKTriN / {jriN + rriK) = 324 MeV and 
/Wa*7v = rnisi{mN + rnK) / {'^.rriN + rriK) = 568 MeV are reduced masses of the KN and N{KN) 
pairs, respectively. In Sections 3 we give the analytical expressions for the amplitudes and 
widths of the non-pionic (g) {KN)i=q -> NY and pionic ® {KN)i=q — > NYn decay 
modes of the quasi-bound A^ ® {KN)j=q state. We make the calculations of the binding 
energies and widths of the KNCs and |.H at the tree-level approximation. In this 
case the binding energies -Bi_h and -Bz h of the KNCs ]-,H and are induced by the 
Weinberg-Tomozawa interactions only. Such a dominance of the Weinberg-Tomozawa low- 
energy stron g in teractions agrees well with the coupled-channel approach, based on chiral 



ics |9|,llo|, 



26|. We denote them as Br^ and B^j^. The masses of the KNCs and 



dynamics 

|.H are given by ^1-h = Jtitv + t^i^k — and ^2^h = ttin + rriK — B^^, respectively. 

In Section 4 we give numerical values of the obtained binding energies and widths by using 
for the analysis of the A* hyperon the following prediction for its mass niA* = 1405 MeV 
and widths Fa* = 30 MeV, obtained from the experimental data on stopped-i^" meson 



absorption in a deuteron target 



251], and Fa* = 40 MeV, used by Akaishi and Yamazaki in 



their original work pLj]. In Conclusion we discuss the obtained results. 



II. QUASI-BOUND {KN)i=o AND N(g){KN)i=o STATES 
A. Wave function of quasi bound {KN)j=q state 

The harmonic oscillator wave function of the KNC in the momentum representation 

n K y 

can be taken in the form UM 




(IFl) 



where ^a* is the frequency of relative motion of the KN pair. In terms of the stiffness 
parameter k the frequency ^Ia* is defined by I^a* = \/kJJiA*, where ha* = rnxmN / {rriK + 
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rriTv) = 324 MeV is the reduced mass of the KN pair, calculated for mjv = 940 MeV and 
mK = 494 MeV. 

In the particle number and momentum representation the wave function of the KNC 
reads 



i^H(fc,a)) = \l2E.^^{k 



(27r)3 (27r)3 



2EK{h)2EN{k2] 



m^ki — rriK k2 
rriK + niM 



45E4,(^0«!v,(^2,a)|0), 

V ^ j=l,2 



(11.2) 



where a = ±| is a polarisation and j is the isospin index. The creation and annihilation 
operators obey standard relativistic covariant commutation and anti-commutation relations 
23| . The wave function ( 111.21) has a standard relativistic covariant normalisation 23 1. 

In our approach the binding energy and width of the KNC are defined by Eq.( 11.2p . 
where the main contributions to the binding energies of quasi-bound and states 
are caused by the Weinberg-Tomozawa low-energy strong interactions, which produce the 
necessary attractions in the {KN)i=q and ® {KN)j=q systems allowing to treat them as 
quasi-bound and^H states. This agrees well with the coupled-channel approach, based 
on chiral dynamics 9|, [lOl, |26|. We perform the calculation of the binding energy for the 
Weinberg-Tomozawa {KN)i=o — > {KN)j=o interaction and the width for the Weinberg- 
Tomozawa-like {KN)j=o (S7r)7=o interaction with a constant g\*, which we obtain from 
the fit of the width of the KNC ^H. Such a procedure of the calculation of the binding 
energy and width of the KNC ^^H is equivalent to the fit of the optical potential in the 
potential model approach by Akaishi and Yamazaki [l|-j6|. Then, we use these interactions 
for the calculation of the binding energy and widths of the KNC |,H. 

The calculation of the matrix elements of the T-matrix in the non-relativistic and heavy- 
baryon approximation gives the following analytical expressions for the binding energy and 



the width of the KNC ^ H 



Bl 



WT 



3 1 

4 ^ 



{271 



3 1 

4f! 



/iA*nA.\3/2 



TT 



3 rriKmY, /^stt 



B 



*87r MiH K 



(11.3) 



where g\* is a coupling constant of the — )■ Stt decays. Mi jj = irtx + rnp — B^J is the 
mass of the quasi- bound state, k^^ = 147 MeV is a relative momentum of the Stt pair 



and ms = 1193 MeV and m^r = 140 MeV are masses of the S-hyperon and the 7r-meson, 
respectively. The numerical values of and Fi jj are discussed in Section 4. 



K 



B. Wave function of quasi bound N (g) {KN)j=o state 

The vibrational degrees of freedom of the molecule ® {KN)j=q are defined by the 
frequency ^a*, the oscillations of the KN pair, and the frequency ^Ia*n, the oscillations 
of the nucleon relative to the KN pair. The oscillator wave function of the KNC ^H, 
determined by ^2^^{k, k^) = $A*(/i; )$A*Af(^7v), is equal to 

where f^A* n = ^A* a/ /iA* / /^A* n due to equal stiffnesses by assumption. 

In the momentum and particle number representation the wave function of the KNC |.H 
with the structure (8> {KN)j=q reads 



I^H(fc),) = sj2E^)j 



d^ki d^k2 d^ks <^2 Yi{kMMM 



(27r)3 (27r)3 {2nf ^2Er,{k,)2E^{k,)2EK{k, 



3 J 



X 



i=^a)v^,(^i,-^)a)v,(^2,+^)4(4)|0), (II.5) 

* i 

where we have denoted 

^ / (mi^ + mAf) fci - mAT (4 + 4) \ /.y c\ 

X <I>A.7V — . (II.6) 

V rriK + zmAT / 



The wave function f lll.SP has a standard relativistic covariant normalisation 



. The wave 



functions $a* and $A*Ar describe the two-body {KN)i=q and three-body N{KN)f=Q corre- 
lations of the (g) {KN)i=o molecule, respectively. Of course, the wave function Eq.f lII.4p 
takes into account also the two-body A^A^ correlations. 



C. Binding energy of (g) {KN)i=o state 

The binding energy of the KNC |.H is defined by the attractive low-energy Weinberg- 
Tomozawa interactions with isospin / = and 1=1. The contribution of the Weinberg- 
Tomozawa interaction with isospin 1 = 1 appears due to A^A^ exchange interaction only. 
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K K 

\ \ 

N * A ► N N * A ► A° 

\ K + ! f/,7r + ... 

N -* ► AO ^ " ' ► N 



FIG. 1: The Feynman diagrams, defining the amphtude of the reaction N{KN)i=q — )• A^A^ in the 
molecule model of the KNC ?>H. 

The binding energy of the KNC |.H is defined by 

The result of the calculation of the corresponding matrix elements of the T-matrix, obtained 
in the heavy-baryon approximation, is 

;UA*1]a» \3/2 ^ 1 / /iA»jvl]A*Ar \3/2 1 "1 

TT J 2 V TT / / ^ /iA*jV^A*jV/^A* y/^ i" 

V /iA*riA* mj^^ 

The contribution of the second term in (jll.SP is caused by the A^A^ exchange interaction and 
Weinberg-Tomozawa interactions with isospin / = and / = 1, respectively. It makes up 
of about 24.7% of the binding energy. 



III. DECAY MODES OF N {KN)i=o STATE 



A. Non pionic decay modes oi N {KN)j=q state. Decay — )• NA^ 



The amplitude of the N{KN)j=q — A^A^ reaction, defining the non-pionic decay mode 
I^H — > A^A", is determined by the Feynman diagrams in Fig. 1. The analytical expression, 
obtained in the heavy-baryon approximation, takes the form 

9 Q-kNn' 



M(|H, A^,,A°) = 5 



f3 



32 F2 



2M2_HmA-^2_H(0) 



X 



1 



4 3 - 2aD 
3 V3 m\ + 2TAomN 

M2_jj + TTlAO + m^r 



3 -4a 



D 



+ 



[rio(^ ■ ^^Ao )xn] = ^2M^H-M(|H,- ^ Nj,A' 



(III.l) 



-\/2mAo2m7v 

where v9ao(o"ao) and Xn{(^n) are spinorial wave functions of the A°- hyperon and the nu- 



cleon, respectively, 



NN 



QAmN/FT, = 13.3 is the nNN coupling constant 
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/cat AO is 



K K 

\ \ 

N > ^, ► N N > ► S 

\ K + ^ 7r,r? + ... 



N 



TT,r] 

S N ► ^ ► iV 



FIG. 2: The Feynman diagrams, defining the amphtudes of the reactions N{KN)j=q — )• NT, in the 
molecule model of the KNC ^>H. 

a momentum of a relative motion of the NA^ pair, Tao and T/v are kinetic energies of the 
baryons in the final A^A° state. Then, M2 jj = 2mj\f + rrix — is the mass of the KNC 

|.H and ^^2 ^(0) is the coordinate wave function of the KNC |.H at the origin 

V,. ,(0) = ^,.m,Mo) = (in.2) 

^ \ IT IT / 



The first and the second terms in the amplitude (IIII.ip are defined by the i^'-meson and rj- 



meson exchange diagrams in Fig. 1, respectively, and Weinberg-Tomozawa interaction with 
isospin 1 = 0. In turn, the contribution of the vr-meson exchanges is fully caused by the 
Weinberg-Tomozawa interaction with isospin 1 = 1 and the A^A^ exchange interaction. The 
structure [ip^j^o{(T- kpf/^o )xn] testifies that in the ^^H — )■ A^A*^ decay the NA^ pair is in the '^Pq 
state, whereas the KNC is in the ^Sq state. The partial width of the decay — A^A° 
amounts to 

T{lB^NA') = — y \M{lE^NA')\'^-^, (III.3) 

where we have summed over polarisations of the particles in the final state. The numerical 
value of r(|,H — NA^) is discussed in Section 4. 



B. Non pionic decay modes oi N ^ (KN)j=q state. Decay ^^H — NT, 

The amplitudes of the N{KN)i=q — )■ NT, reactions, defining the non-p ionic decay modes 
— )■ A^S, are determined by the Feynman diagrams in Fig. 2. The analytical expression, 
obtained in the heavy-baryon approximation, takes the form 
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N 




FIG. 3: The Feynman diagram of the decay mode — t- A^Stt of the KNC ^^H. 



:{(2aD 



9/ + 2Tsm;v ^^3 9J ml + 2T;vm^ 
3-4az) 1 >, M2 H + ms + m7v , ^ 



9 m'^ + 2T]^m]^) yJ2mY,'2.mN 



2M2_H -M(|H^- ^ iV/S'^), (III.4) 

where (^a* is the coupling constant of the — Svr decays. The contributions of the 
Weinberg-Tomozawa interactions with isospin 1 = 1 survive due to the A^A^ exchange in- 
teractions for the A', vr and rj meson exchanges. The partial width of the — > NYP decay 
amounts to 

r(|H -> ATS") = i- l-^(|H^iVS)r^. (III.5) 

The partial widths of the decay modes |.H — j- NTP and A^S"*^ are related by r(|,H 

NYj^) = 2r(|.H — )■ A^S"). The numerical values are discussed in Section 4. 



C. Pionic decay modes of A^ {KN)j=q state 

Since the KN pair in the KNC |.H is in the isospin-singlet state, the dominant pionic 
three-body decay modes are — )■ NT,7r. In the tree-approximation the Feynman diagram 
of the decay modes — ?■ A^Svr is shown in Fig. 3. The amplitude of the — )■ A^Svr decay 
is equal to 

TT 

x>i(f]A*,4)a^,as, (ni.6) 

where is a 3 — momentum of the nucleon, as = ±1/2 and = ±1/2 are polarisations 
of the S-hyperon and the nucleon in the final state, respectively, \I^a*(0) = {ha*^a* /'^)^^^ 
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and $A*Af(0) = (47r/;UA.7vriA*Ar)^/^ and M{Qa*, 

^'n)(tm,<tt, is equal to 



52_H - 5i_H + k^/2fiA*N 

K K 



\ 2 y (27r)3 ^ M ^ V ^ ' 5f t _ ^h/t + ^2/3^^ 



(27r)3 V ruK 

The amplitude of the |.H — NYjTc decay is defined by the Weinberg-Tomozawa-like in- 
teraction, responsible for the — Stt decay, and the Weinberg-Tomozawa interactions 
{KN)i=o {KN)i=o and {KN)i=i {KN)i=i with isospin J = and / = 1, respectively. 
The contribution of the Weinberg-Tomozawa interaction {KN)j=i — )■ {KN)j=i with isospin 
1 = 1 appears due to the A^A^ exchange interaction. The partial width of the — )■ NJ^ir 
decays is 

rilR -> iVSTT) = ^^|vl>A.(0)n$A*iv(0)pMlHmsm;vm^/^s.(f^AO, (ULS) 

where /ArE7r(^A*); caused by the contribution of the phase volume of the final A^Evr state, is 
defined by 

1 r(^h_^^-mN? 

/pS^(^aO = log 3a#4 / " —^{s-{mj: + m^y){s-{mj:-m^y 

1287r^M2 y J(„^+„^)2 s 

K 



x^(M|H + m^)2-s)(M2^H-m^)'-5 Yl E \M{QA*,kl)^,,,,\\ (III.9) 
The numerical value of the partial width of the pionic decay modes we discuss in Section 4. 



IV. NUMERICAL VALUES OF BINDING ENERGY AND WIDTHS OF i H 

In this section we give numerical values of the binding energy and partial widths of 
the KNC 2 H for the KNC ]>B. with mass Mi_h = 1405 MeV and widths ri_H = 30MeV 
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Molecule model 


Potential Model 




Ml H = 1405 MeV 

K 


Ml H = 1405 MeV 


Ml H = 1405 MeV 


T^WT 
1 H 


29.0 MeV 


29.0 MeV 


27.0 MeV 




30.0 MeV 


40.0 MeV 


40.0 MeV 




46.3 MeV 


46.3 MeV 






1.095 


1.265 






35.0 MeV 


35.0 MeV 




k^ 


40.2 MeV 


40.2 MeV 


48 MeV 


r(|H ^ iVAO) 


14.6 MeV 


14.6 MeV 




r(|H ^ A^SO) 


2.2 MeV 


2.0 MeV 




r(|H ^ ivs+) 


4.4 MeV 


4.0 MeV 






21.2 MeV 


20.6 MeV 


« 12 MeV 




64.0 MeV 


85.5 MeV 


61 MeV 




85.2 MeV 


106.1 MeV 


« 73 MeV 



TABLE I: The binding energies and widths of the KNC 



and Fi j£ = 40 MeV, predicted by potential model (25| and [l|, respectively. In Table I we 
summarise the results of our molecule model and the potential model. 

One can see that the binding energy -B2 h = 40.2 MeV and the width r2 jj = 85.2 MeV 
of the KNC calculated for the KNC with mass Mi_ h = 1405 MeV and the width 
ri_jj = 30 MeV, agree well with the results, obtained in the potential model approach by 
Akaishi and Yamazaki. The width of the non-pionic decay mo des rl^i ^ 21 MeV a gree s well 
with the width T^^^ = 22 MeV of the unbound A*A^ state, calculated recently in 



]J]. Our 



results agree also well with those obtained within the coupled-channel Faddeev equation 
approach 
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12| . The agreement with other approaches [7|] 



13| is only qualitative. 



V. CONCLUSION 

We have investigated the properties of the simplest kaonic nuclear clusters (KNCs) 
and with the structures {KN)j=q and ® {KN)i=q, respectively, in the model, which 
we call "Molecule model for kaonic nuclear clusters". It is based on the assumption that 
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a. 



KNCs are hadronic molecules [2|. In our model the calculation of the binding energies and 
the widths of KNCs is a kind of variational calculation with trial wave functions taken in 
the form of harmonic oscillator wave functions. Such a choice is justified as follows. It is 
known [l^ that molecules are described by rotational and vibrational degrees of freedom. 
Since rotational degrees of freedom are absent for the KNC and ^H, their properties are 
determined by vibrational degrees of freedom only. The binding energy and the width of the 
KNCs and |H are defined by the diagonal elements (^H|T|^H) and (|H|T||H) of the 
T-matrix, which are calculated by using chiral Lagrangians with derivative meson-baryon 
couplings invariant under chiral SU{3) x SU{3) symmetry at the tree-level approximation 
and in the heavy-baryon approximation. The dominant contributions to the binding energies 
and the widths come from the Weinberg-Tomozawa interactions. This agrees well with 
SU (3) coupled-channel approach with chiral dynamics. 

The KNC {KN)j=q is identified with the hyperon A(1405), the wave function of which 
is taken in the form of the trial harmonic oscillator wave function with a frequency Qa*-, 
describing the relative motion or correlations of the KN pair in the state with / = 0. The 
wave function of the KNC ® {KN)j=q is defined by the frequencies Q\* and Qa*n, where 
the latter describes a motion of a nucleon relative to the KN pair in the state with / = 0. 
They take into account two-body KN and three-body N{KN) correlations in the KNC 
^H, respectively, and, of course, the two-body A^A^ correlations. 

The calculations of the binding energy and widths of the KNC |.H have been carried out 
for the low-lying KNC ]^B. with mass Mi_^ = 1405 MeV and widths ri_ h = (30 - 40) MeV, 
predicted by the potential model approach from the experimental data on the stopped--fr~ 
meson absorption in the deuteron target 25|] and used by Akaishi and Yamazaki in their 
original work [l|, respectively. Recently, the theoretical analysis of the contribution of the 
A(1405) resonance to the cross sections for elastic and inelastic K~p scattering and elastic 
ttS —7- ttS scattering has been carried out in 29|. Following the results obtained in 29| . 
one can conclude that in the pure / = channel tt'^S'^ — t- ti^T,^ the maximum of the cross 
section is located around ttia* — 1405 MeV. It has been also found experimentally 30|] that 
the shape and position of the A(1405) distribution, reconstructed in the S°7r° channel, are 
consistent with mass m\* ~ 1400 MeV and width Fa* ~ 60 MeV, agreeing well with the 
shape and position of the A (1405) distribution, measured in the charge-exchange channels 



31 



32|. 
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We have shown that treating the A(1405) resonance as a quasi-bound {KN)i=q with 
the mass, defined by Mi^-^ = rriK + rriN — -Bi^, and the widths Fa* = (30 — 40) MeV, the 
molecule model for kaonic nuclear clusters describes the KNC |>H in a qualitative agreement 

n 

with Akaishi and Yamazaki [2[ and the results, obtained in the coupled-channel Faddeev 

3- 



equation approach 
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Our results for the widths of non-pionic decay modes Fa^^ ~ 21 MeV agree well with the 

14 1 . Unlike [l^ our analysis of the non-pionic decay 



result Vf}^ = 22 MeV, obtained in 
modes — > A^A'' and |,H NH takes into account the A^A^ exchange interactions, which 
play an important role for the correct description of the properties of the KNC |.H. 

The explanation of the experimental data by the DISTO Collaboration -B2 h = 
103(6) MeV and F2 jj = 118(13) MeV 16| in the molecule model for kaonic nuclear clusters 
is possible, but it goes beyond the description of the KNCs and |.H at the tree-level ap- 
proximation for the binding energies and the assumption of the equal stiffnesses of harmonic 
oscillator potentials. The analysis of the experimental data by the DISTO Collaboration in 
the molecule model for kaonic nuclear clusters we carry out in the forthcoming paper. 
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